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i  Received  IS  June  1990;  accepted  for  publication  21  November  1090) 

The  planar  near-field  calibration  array  (NFCA)  was  developed  by  Trott  [W.  J.  Troll, 
Underwater  Sound  Ref.  Rep,  No,  55  ( 1061 );  also  J.  Acoust.  Soe.  Am.  36,  1557-1568  ( 1964)  ] 
for  use  in  determining  the  lar-field  acoustic  radiation  from  underwater  transducers  by 
iiicasttrcmciils  ill  I  lie  near  field,  As  it  projector,  (lie  NFCA  produces  a  nearly  uniform  plane 

wave  over  a  large  volume  in  its  near  field  and  over  a  large  frequency  range.  As  a  receiver  the 
NFCA  acts  like  a  plane-wave  filter  for  acoustic  radiation  (or  target  scattering)  originating 
from  within  the  plane-wave  volume.  Thus  the  NFCA  can  he  used  to  determine  the  lar-lield 
performance  of  both  receiving  and  projecting  transducers.  In  addition,  it  can  be  used  to 
insonify  nearby  targets  with  plane  waves  and  determine  the  resulting  scattered  lar-lield 
pressure.  Fat  her  papers  concentrated  on  the  geometrical  design  of  NFCA's  and  the 
computation  of  their  relative  element  responses  (or  sensitivities)  for  a  specified  array 
configuration,  near-field  volume,  and  frequency  range.  This  paper  provides  analytical 
expressions  for  the  near- field  transmitting  voltage  and  current  responses  and  near-field 
receiving  voltage  and  current  sensitivities  of  a  planar  NFCA.  The  paper  also  provides 
information  to  aid  in  the  NFCA  element  selection  process,  especially  with  regard  to  shading  of 
the  NFCA. 

FACS  numbers:  43.85.Vb,  43.JO.Sf.  43.30.  Yj.  43.30.Jx 


INTRODUCTION 

Troll1  developed  the  planar  near-field  calibration  ar¬ 
ray  (NFCA)  for  use  in  determining  the  lar-lield  acoustic 
radiation  from  underwater  transducers  In  measurements  in 
the  near  field. 

The  planar  NFCA  is  a  large  array  of  small  reciprocal 
transducers  (elements)  that  are  arranged  in  a  grid  that  is 
usually  square  but  can  be  circular,  hexagonal,  or  any  other 
pattern  that  distributes  the  elements  somewhat  uniformly 
m  er  the  array .  The  relative  acoustic  outputs  of  the  elements 
are  selected  so  that  the  array,  when  driven  as  a  projector, 
produces  ;i  nearly  uniform  plane  wav  cover  a  volume  Fin  its 
near  field  and  over  a  wide  frequency  range !!.  As  seen  in  Fig. 
I.  the  direction  of  the  plane  wave  c  is  usually  normal  to 
the  NFCA.  A  transducer  to  Iv  calibrated  is  placed  in  the 
plane-wave  volume,  and  he  NICA  is  used  as  a  receiver.  The 
response  of  the  NI  CA  t-.  dicn  proportional  to  the  lar-lield 
pressure  distribution /(«'•)  of  the  transducer  in  the  direction 
opposite  to  the  plane  wave.  The  lar-lield  pressure  distribu¬ 
tion  is  defined  as  the  acoustic  pressure  produced  by  the 
transducer  at  the  lar-lield  distance  R  divided  by  the  factor 
c  ‘"'/R  to  remove  the  distance  dependence.  Here  the  wave 
number  A  is  equal  to  1~/A.  where/!  is  the  wavelength  and  R 
is  the  lar-lield  distance  ns  measured  from  the  center  of  the 
NFCA. 

The  NFCA  concept  is  based  on  the  NFCA  .reciprocity 
principle.  A  previous  paper ‘gives  I  lie  derivation  oft  his  prin¬ 
ciple.  In  addition  a  numerical  procedure  is  given  there  for 
calculating  a  least -squares  solution  for  the  relative  shading 
of  t he  NI  CA  elements  fora  prescribed  array  configuration, 
plane-wave  direction  e.  near-field  volume  F.  and  frequency 
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range  li.  This  procedure  has  been  used  to  design  steered 
planar1,  cylindrical.'"  and  spherical7  NFCA's.  Recently 
there  has  been  a  resurgence  of  interest  in  planar  NFCA's, 
both  for  projecting  and  receiv  ing  applications.  Farlier  pa- 


I  Iti  I  I’!, in. n  ik'iit -tk'lil  Ciilllviatinii  :ti  ray  anil  associateil  |v!aik'-v\nvo  vol¬ 
ume 
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pers  concent  rated  on  t  ho  gcomcirical  design  ofNTCA's  anil 
the  determination  of  their  relative  element  shading.  The  pur¬ 
pose  of  this  paper  is  to  provide  for  the  first  time  expressions 
for  the  near-field  transmitting  response  and  receiving  sensi- 
tiv  itv  of  a  planar  near-tiekl  calibration  array  t  NTCA  ).  The 
near-tiekl  transmitting  voltage  (current)  response  of  the 
NTCA  is  defined  to  he  the  ratio  of  the  near-field  plane-wave 
pressure  produced  hy  a  projecting  NFC  A  to  the  NFC  A  in¬ 
put  voltage  (current ).  The  phase  of  the  plane-wave  pressure 
is  tak  .n  to  be  that  produced  at  a  reference  point  located  a 
distance  1  m  from  the  center  of  the  NFC  A  in  the  direction 
e  of  the  plane  wave.  If  the  reference  point  does  not  he 
within  the  plane-wav  e  volume  f  then  the  phase  of  the  ncar- 
field  pressure  is  extrapolated  from  the  plane-wave  volume  to 
;!i»  i position.  It  is  roiiven’e’'1  h'  'left:.,  a  rcfer^iUs 
distance  U  equal  to  I  m.  The  near-tiekl  receiving  voltage 
i  current )  sensitivity  of  the  NFC  A  toa  transducer  located  in 
the  plane-wave  volume  1  is  defined  to  be  the  ratio  of  the 
voltage  I  current)  generated  in  the  NFC  A  to  the  fat-field 
pressure  distribution. /(c)  of  the  transducer  divided  by  the 
reference  distance  D. 

Klement  shading  for  the  planar  NFC  A  is  described  in 
Sec.  I  expressions  for  the  near-field  transmitting  responses 
of  the  planar  NIC  A  are  obtained  in  See.  II.  Section  1 1 1  pro- 
vidcs  corresponding  expressions  for  the  NFC  A  near-field 
receiv  ing  sensitiv  in .  Modifications  to  the  expressions  for  the 
case  where  complex  shading  coefficients  are  used  are  dis¬ 
cussed  m  Sec.  I V  file  paper  concludes  w  ill  the  summary  in 
Sec.  V. 


I.  ELEMENT  SHADING 

Consider  the  case  of  a  rectangular  planar  NTCA.  as 
shown  in  Fig.  I.  consisting  of  /.  identical,  equispaced. 
straight-line  arrays  each  containing  (/equispaced  small-pie- 
/oceramic  transducer  elements  whose  fundamental  reso¬ 
nance  frequency  is  well  above  the  operational  range  of  the 
NFC  A.  Shading  coefficients  cun  be  obtained  for  this  NTCA 
hy  a  two-step  least-squares  process.  First  shading  coeffi¬ 
cients  <t  .  (/  1.2.  ...  ,Q.  are  computed  for  the  elements  in  a 

single  line  such  that  the  line  produces  a  nearly  uniform  cy  lin- 
dncal  wave  over  the  desired  plane-wave  volume  (  and  over 
the  operational  frequency  range  !!  of  the  NTCA.  Then  addi¬ 
tional  shading  coefficients  /!  .  /  1.2 . /..  one  coefficient 

for  each  line  m  file  NTCA.  arc  computed  such  that  the  entire 
array  produces  a  nearly  uniform  plane  wave  throughout  f' 
and  !!  For  this  latter  computation  one  uses  the  plane-wave 
requirement  given  in  kels.  v  and  4 


N  //  V  u  expt  ik r  v 1 


■  x  p  <  ik  r  r  ) 


/  cxpl  /Ar-e  ).  (  1  ) 

vv  here  r  is  t  he  location  of  the  q\  h  element  in  the  / 1  h  line,  r  is 
a  point  in  the  near-field  plane-wave  volume,  and  e  is  a  unit 
vector  m  'he  direction  opposite  to  the  desired  plane  wave 
produced  by  the  NIC  A  I  lie  origin  of  coordinates  is  taken  to 
be  the  center  of  the  NICA.  Figure  2  shows  the  geomeiry  of 
the  problem  |  Note  that  a  was  imidvcrtcntlv  omitted  from 
Fq  (  b  )  in  Ref.  4  | 
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Equation  (  1 )  cannot  be  satisfied  exactly  for  any  finite 
volume  )  However,  with  proper desig”  of*1-..  vFr  1  ha'1 
ing  coefficients  a  and  //  can  be  obtained  that  approximately 
satisfy  Hq.  (  I  )  to  within  a  lew  percent  in  amplitude  and  a  few 
degrees  in  phase  throughout  a  large  near-field  volume  I  and 
over  a  large  frequency  range  <2.  This  capability  is  the  reason 
for  the  success  of  the  NTCA.  By  comparison,  the  near-field 
pressure  distribution  in  front  of  a  similar  si/e  uniformly  vi¬ 
brating  piston  varies  from  near  zero  to  twice  the  nominal 
plane-wave  value,  the  variation  being  especially  strong  near 
the  piston  axis. 

The  total  shading  for  the  </t h  element  in  the  /  th  line  is 
/>  o  times  the  plane-wave  phase  factor  expt/Ar  .pe).  For  flic 
present  discussion  e  is  assumed  to  be  the  outward  normal  to 
the  plane  of  the  array.  In  this  case  e  is  normal  to  r  so  that 
the  plane-wave  phase  term  is  equal  to  unity  for  all  /  and  q.  It 
is  convenient  to  normalize  <(„  by  the  spacing  A.v  between 
elements  to  obtain 

<■/,'  A.v  a'  | d/(Q  1)|.  *  “  ^ 

where  d  is  the  length  of  each  line  in  the  NT  CA.  It  is  also 
convenient  to  normalize  the  line  shading//  by  the  spacing 
Ar  between  lines  in  the  NTCA  to  obtain 

//  // :  Ar.  (  3 ) 

I  he  quantity  I  A.v  Ar  is  the  effective  area  of  a  transducer 
element  in  I  he  NFC  A.  |  If  c  were  chosen  oblique  to  the  plane 
of  the  NFCA  at  an  angle  p  given  by  cos  '(cc  ).  then  the 
effective  area  I  would  be  given  by  Ax  Ay  cox  \ .  See  Kef.  4  for 
a  discussion  of  the  steered  planar  near-tiekl  calibration  ar¬ 
ray.  | 

T  he  shading  coefficients  a  and  thus  the  normalized 
coefficients  //'  a  re  usually  chosen  to  be  real  quantities,  repre¬ 
senting  amplitude  shading  only.  Values  for  i V  range  from 
0. 1  or  so  for  elements  near  both  ends  of  the  line  to  near  unity 
for  one  or  more  of  the  center  elements.  The  least-squares 
process  for  computing  a,,  tends  to  produce  v  alues  for  a[.  for 
one  or  more  of  the  elements  near  the  center  of  the  line  that 
differ  less  than  I  from  unity.  Treating  these  coefficients  as 
equal  to  unity  will  not  degrade  the  performance  of  the 
NFCA  Alternatively,  one  can  constrain  the  least-squares 
algorithm  to  produce  unity  shading  coefficients  for  the  cen¬ 
ter  elements,  again  without  significant  degradation  of  the 
NFCA. 

The  choice  of  real  coctlicieiux  allows  the  shading  of  the 
elements  in  each  line  (called  (lie  infernal  line  shading)  lobe 
implemented  passively.  I  his  is  done  hy  connecting  the  ele¬ 
ments  m  each  line  in  parallel  electrically  and  using  series 
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shading  capacitors  to  adjust  thg  relative  effective  transmit¬ 
ting  voltage  response  (  TVR  )  of  each  of  the  elements  so  that 
:t  is  proportional  too'  l  lial  is. 

t.V,  „ )  „  .Xj  |  C  ./( C',  *  C  ,  |  o'.Sj  ...  (4) 

vv  here .V i  is  the  unshaded  transmitting  voltage  response.  O 
is  the  capacitance,  and  C  is  the  required  value  of  the  series 
shading  capacitor  tor  the  i/lh  element.  Here.V,  is  a  refer¬ 
ence  14  R  value,  chosen  to  he  the  maximum  TVR  value 
among  the  unshaded  elements.  The  element  with  the  maxi¬ 
mum  unshaded  I  VR  should  he  selected  for  the  maximum, 
i.e..  unity  value  of  it'.  Then  'he  othei  elements  should  he 
selected  so  that  .V,  is  greater  titan  or  equal  to  u'  S',  ...Oth¬ 
erwise,  use  of  Hq.  (4)  will  lead  to  the  physically  impos  .  'e 
requirement  for  a  negative  value  of  C 

An  adjustment  of  the  TVR's  for  reciprocal  transducer 
elements  is  equivalent  to  an  adjustment  of  the  receiving  cur¬ 
rent  sensitiv  ities.  This  in  turn  is  equivalent  to  an  adjustment 
ol  the  quotients  .1/  //.  of  the  receiv  mg  voltage  sensitivities 
4/  and  the  element  electrical  impedances  Z  .  f  or  piezo¬ 
ceramic  elements  at  frequencies  well  below  their  fundamen¬ 
tal  resonance,  the  electrical  impedance  is  essentially  that  of  a 
capacitor,  i.e..  Z  l//7->C'.  where  <•»  is  the  angular  fre¬ 
quency  (  ck.  with  o  being  the  sound  speed  in  water)  and 
vv  here  ("  is  the  capacitance  of  the  series  combination  of  the 
element  and  us  shading  capacitor.  Thus  one  essentially  ad¬ 
justs  the  V/  C,'  products  of  the  elements  to  he  proportional 
to  the  coefficients  <(' .  That  is. 

VC  a'  i  4/C)  ,.  1 5) 

vv  here  l  4/C) ,  ,  is  equal  to  >he  product  of  the  receiv  mg  vol¬ 
tage  sensitivity  and  the  capacitance  for  the  element  t  s )  w  ith 
<(’  equal  to  unity . 

A  large  number  of  hydrophone  elements  are  usually  re¬ 
quired  for  a  planar  NFCA.  Prior  to  constructing  the  NTCA. 
it  is  convenient  to  obtain  several  times  this  number  of  ele¬ 
ments.  div  ivied  into  three  or  four  slightly  different  geometri¬ 
cal  configurations  or  possibly  even  different  piezoceramic 
compositions  designed  to  have  VC  product  values  that  are 
distributed  over  the  range  from  about  0.4  (4/C).,  to 
i  4/C)  ,.  l  or  example,  the  wall  thickness  of  a  capped  IV.  f 
ev  I niilcr  can  be  v  aried  to  obtain  most  of  this  range.  The  nor¬ 
mal  distribution  of  the  4/C  product  values  of  the  delivered 
elements  about  the  nominal  values  that  were  ordered  results 
m  a  lull  representation  of  4/C  product  values  from  about 
0.C  (  4/C  ),  ,  io  1.05  (4/C),  ,.  Selection  of  appropriate  ele¬ 
ments  with  natural  4/C  product  values  equal  to  o'  (  4/C).,, 
can  usually  be  made  for  all  values  of  o'  from  0.45  to  1.05 
resulting  in  a  need  for  shading  capacitors  for  only  those  few 
elements  on  each  end  of  the  line  that  possess  o'  values  less 
than  abom  0  55. 

l  or  unst ecred  planar  NFCAs.  the  coefficients  //  ’  are 
also  usually  chosen  to  be  real,  ranging  from  0  I  or  so  for  the 
outside  lutes  on  both  sides  to  near  unity  for  I  he  center  lines. 
As  with  the  internal  shading  coefficients  a',  the  least- 
squares  process  tends  to  produce  values  for//'  for  one  or 
moreofthe  lines  near  the  center  of  the  Nl  CA  that  differ  lc,s 
than  1C  from  unity.  As  previously,  treating  these  coeffi¬ 
cients  as  equal  to  unity  will  not  degrade  the  performance  of 
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the  NFC  A.  Ilm  choice  of  real  coefficients//  '  allows  the  rela¬ 
tive  shading  of  the  lines  ( called  the  ex  lei  nal  line  shading  )  to 
be  implemented  passively.  Phis  is  done  by  connecting  all  of 
the  lines  in  parallel  and  using  a  scries  shading  capacitor  for 
each  line  to  adjust  the  relative  I  VR  (or  equivalently  the  4/C 
product )  of  each  line  to  be  proportional  to//  '  Here  4/  is  the 
broadside  tar-field  sensitivity  and  C  is  the  total  capacitance 
of  the  line.  The  VC  value  for  each  line  is  given  by 

n 

MC  -  V  4/  C  ' 

•I  I 

or  ( b ) 

vc  i.v/o,,,  y  <. 

Thus  if  (  4/C),  ,  is  chosen  to  be  the  same  for  till  of  the  lines, 
the  4/C  values  of  each  line  arc  also  equal.  In  this  case  the 
series  capacitance  required  for  the  /  th  line  C  is  calculated 
using 

C,./(C  -t  C  )  //'.  (7) 

vvheic  C  in  the  total  capacitance  of  the  line  without  the 
series  capacitor  and  where//'  is  assumed  to  be  less  than 
unity.  For//’  I.  no  shading  capacitor  is  required. 

When  the  selection  of  available  hydrophone  elements  is 
relatively  limited,  different  (4/C).  .  values  can  he  chosen  for 
one  or  more  of  the  lines  in  order  to  allow  elements  to  be 
selected  for  those  lines  with  only  a  lew  elements  requiring 
shading  capacitors.  When  the  (4/C),  ,  values  are  not  the 
same  for  all  of  the  hues,  the  ii  lies  should  be  shaded  externally 
using  series  capacitors  calculated  using 

C  /(C..  -  C,  )  -  [  (4/C)ll;„/(4/C)„,,  )//'.  (S) 

w  here  ( 4/C),„ ,,  is  the  maximum  value  of  <  4/C),, ,  .  We  note 
tint  the  (4/C),,,  .  values  should  be  chosen  carefully  to  pre¬ 
vent  the  right-hand  side  of  Kq.  (X)  from  becoming  greater 
than  unity,  thereby  requiring  nonphysical  negative  values 
for  C  .  Lines  with  //(  equal  to  unity  must  possess  ( 4/0,  , , 
v allies  equal  to  ( 4/C),,, ,. .  No  shading  capacitor  is  required 
for  these  lines.  We  now  define  the  reference  quantity 
(4/C),,t  to  be  (VC),,, „  m  order  to  simplify  the  equations 
derived  below. 

When  the  entire  NFCA  has  been  passively  shaded  by 
the  use  of  appropriate  capacitors,  it  can  be  driven  through  a 
single  twisted  pair  or  coaxial  input.  If  the  hydrophone  ele¬ 
ments  are  reciprocal  transducers,  the  NT  CA  is  also  recipro¬ 
cal  and  can  be  used  in  the  receiving  mode  as  a  plane-wave 
filter  for  sound  radiated  or  scattered  from  the  plane-wave 
volume  I '. 

I  lie  eocllicients //,  and.  consequently.//’  can  he  chosen 
to  be  complex,  containing  both  amplitude  and  phase  shad¬ 
ing.  The  extra  L  degrees  of  freedom  in  theshadingallowsfor 
significantly  improved  NFCA  performance  (i.e..  better 
plane-wave  uniformity  throughout  l  and  tl)  but  at  the  ex¬ 
pense  of  complicating  the  shading  and/or  drive  require¬ 
ments.  One  can  implement  complex  shading  passively  if 
shading  components  can  be  developed  for  each  line  ( or  sy  m- 
metrical  pair  of  lines)  that  provide  a  constant  phase  angle 
over  live  operational  frequency  range  1!.  (A  possibility  here 
is  the  use  of  orthogonally  wound  transformers).  Alterna- 
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lively  one  can  drive  each  of  the  lines  independently  with 
separate  hut  properly  phased  amplifiers. 

II.  NEAR-FIELD  TRANSMITTING  RESPONSE 

For  the  ease  of  passive  eapacitanee  shading.  Hep  (  1  )  can 
he  revv  ritten  for  e  normal  to  r  to  obtain 


A.v  Ac  V  />’ '  V 

i a  as, 


A)  e  x pt  ik  r  r  ) 

■S',  - - ----- 

r  r  e.\p(  ikP) 

e.xp(  ikD )  expt  ikr-c ) 


(b) 


or 


V 


(.s, 


I)  e\p(  ik  r  r  ) 
r  r  expt  ikD) 


a  PS, 

I 


expt  ikD)  expt  /Ar-e ). 


(  10) 


where  ;  V,  )  ,,  is  the  effective  transmitting  voltage  response 
of  the  ( /.</ )  th  element  m  the  NFC  A,  and  I)  is  again  the  refer¬ 
ence  distance  of  I  m  as  used  in  the  definition  of  S.  The  left- 
hand  side  of  Ftp  (  10)  h  the  total  acoustic  pressure  produced 
by  the  NFCA  at  the  field  point  r  when  1  V  is  applied  to  the 
array  input.  T  he  right-hand  side  is  a  plane  wav  ■  traveling  in 
the  direction  e.  At  the  reference  point  located  a  distance 
D  from  the  center  of  the  planar  NFC  A  in  the  direction  of  the 
plane  wave.  i.e..  r  Dc.  the  right-hand  side  becomes 
-  i/.DS,  Thus  the  near-feld  transmitting  voltage  re¬ 

sponse  .V,  Nl,  x  of  the  NT  CA  is  given  by 


■S',  s, ,  x  (  i/.l)/t)S,  (II) 

Since  the  reference  element  is  a  reciprocal  transducer,  its 
receiving  current  sensitivity  ,V//t  ,  is  related  to  Us  transmit¬ 
ting  voltage  response  by  use  oft  he  complex  spherical  wave 
reciprocity  parameter  J  (  Ref.  K): 

M,  ./S,  (12) 


or 


3/,.  ,  (4~D //'<■>/>)  c\p(ikD)S,  I  13) 

where/,  is  the  density  of  water  I  he  receiving  voltage  sensi¬ 
tivity  3/  ,  of  the  reference  element  is  related  to  its  receiving 
current  sensitivity  through  the  element  input  electrical  im¬ 
pedance/  .  ,  by  the  expression 


3/  /  l/,  ,. 

I  he  input  electrical  impedance  of  the 
the  NFC  A  operational  frequencies  is 
capacitance,  i.e.. 


(  14) 

reference  element  at 
oxsentiallv  t hat  of  a 


/  .  .  l/i,  >C 


(I?) 


where  C,  ,  is  the  capacitance  of  t  he  unshaded  reference  ele¬ 
ment .  Combining  Hqs.  ill)  and  (.13)  (15)  results  m 

.V,  N|1  v  l  iii/u  72  I )  exp(  ikl))[  3/0,.,.  (lb) 

Since  \f,  .  is  essentially  independent  of  frequency  for  the 
operational  range  of  the  NT  CA.  the  magnitude  of  the  near- 
lield  transmitting  voltage  response  oft  he  NFCA  increases 
linearly  with  frequency 

The  near-lield  transmitting  current  response  .V;  Nl ,  N  of 
the  NFCA  is  related  to  the  near-held  transmitting  voltage 


response  through  the  NFC  A  input  electrical  impedance 
Z  Nl  x  by  the  expression 

5;  \l  i  ,  S I  ,  \  -1*  I  SI  (  \  ■  (12) 

Combining  Fqs.  (15)  and  (lb)  results  in 

-V,  si,  \  ( ii>/)c/2.l )/  sll  x  e.xp(  ikD)(\1C)„,. 

(IS) 

Since  the  NFC  A  input  electrical  impedance  is  given  by 
Z.  \|  (  \  I  / 1<  >(  si  ,  \  (lb) 

for  frequencies  well  below  resonance,  where  Csl(  x  is  the 
capacitance  of  the  NFCA.  one  obtains 

.V, -  (/>c/2,ICsll  s  )  e.xp(  ikD)  ( .1/0,  , .  (20) 

This  expression  shows  that  the  magnitude  of  ihe  near-lield 
transmitting  current  response  of  the  NFCA  is  e>--i  ■  •  t i-* 1  *y 
independent  of  frequency. 

Here.  3 /„,  can  be  replaced  in  Hq  (  20)  by  its  equivalent 
JS, ,  ,  to  obtain 

•S'/m.x  (  MIX',.,  )/(TCni<  x  )-V,,  (21) 

III.  NEAR-FIELD  RECEIVING  SENSITIVITY 

The  near-lield  receiving  voltage  sensitivity  oftlie  NI’CA 
can  be  obtained  by  replacing  S,  N, ,  x  and  S, ,  ,  in  Hq.  (21)  by 
their  equivalents  M ,  Nll  N  / J  and  M,  ,/J.  This  gives 

l/1NI,x  (  //:/X’„,  )/(,/CNll  x  )>/,  ,.  (22) 

Since  3/ul  is  assumed  to  be  constant  over  the  frequency 
range  of  operation  !>  oftlie  NFCA.  then  the  corresponding 
near-lield  receiving  voltage  sensitivity  of  the  NFCA  is  in¬ 
versely  proportional  to  frequency. 

The  near-lield  receiv  ing  current  sensitiv  ity  3/,  N ,,  x  of 
the  NFCA  is  related  to  the  near-field  reeeiv  ing  voltage  sensi¬ 
tivity  through  the  NFCA  electrical  impedance  Z,  Nl,  x  by 
the  expression 

3// vii  v  ;  -Wi  m  <  x  /Z,  vi  <  \  •  (23) 

Use  of  Fqs.  (  14).  (  15).  (  lb),  and  (  23  )  allows  Flq.  (  22  )  to  be 
modified  to  obtain  the  following  expression  for  the  near-lield 
receiv  ing  current  sensitiv  ity  of  the  NFCA: 

M,  M  ,  x  (  i/-D  /.i )  3// , .  (24) 

IV.  MODIFIED  EXPRESSIONS  FOR  COMPLEX 
EXTERNAL  LINE  SHADING 

The  expressions  given  above  are  based  on  the  assump¬ 
tion  that  the  required  shading  is  real  ( amplitude  only  )  and  is 
implemented  passively  with  the  use  of  shading  capacitors, 
l  et  us  now  consider  a  projecting  planar  NFCA  where  each 
oftlie  L  lines  is  driven  with  individual  phase-locked  ampli¬ 
fiers.  as  for  example,  when  the  cocllieients  and  thus  [1 
are  complex  quantities,  containing  both  amplitude  and 
phase  shading.  If  the  complex  gain  ty  of  each  amplifier  is 
adjusted  so  that 

g,  |  (3/C)„l/(3/C)„I  ,  | //;.  (25) 

then  the  expressions  for  the  near-lield  transmitting  voltage 
response  given  in  Hqs.  (II)  and  (  lb)  still  apply.  Again  the 
reference  quantity  (3/0,  ,.  also  designated  is  the 
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largest  of  I  he  indiv itlual  line  values  ( I/O,  ,  ./  1.2...  . /. 

1  lie  appropriate  input  \  ullage  to  the  N I  (  ‘A  is  now  the  com¬ 
mon  input  voltage  for  all  of  the  amplifiers.  A  complex  set  of 
external  line  shading  coefficients  />  ’  usually  includes  \ allies 
with  a  magnitude  significantly  greater  than  unity,  some¬ 
times  as  large  as  1.5  or  2.0. 

For  a  receiving  NFC  A  when  complex  values  are  used 
for/C.  one  can  individually  measure  the  voltage  output  I 
for  each  line  and  sum  the  resulting  /.  values  via  a  computer 
with  relative  line  shading  coefficients  /;  given  In 

r  i.i/o,, 

/,-  -  /r.  (26) 

((  )„,,.  ( .i/o, , 

Here.  C  is  the  capacitance  of  the  /  th  line  and  ( ( '  is  the 
maximum  line  capacitance  value,  flic  apparent  near-held 
receiv  mg  voltage  sensitiv  ity  for  the  NFC  A  in  this  configura¬ 
tion  is  then  given  by 

U,  M,  v  [  i/.DC  ,/,l(C  ) .  1  V/, (27) 

where  the  appropriate  NFC  A  output  voltage  0  is  equal  to 
the  sum 

i> ■  \hl  .  (2K) 

For  the  usual  case  vv  here  the  lines  in  the  NFC  A  are  identical, 
or  nearly  so.  then  both  y  and  h  become  equal  to /)'. 

V.  SUMMARY 

The  Frott  near-lield  calibration  array  can  be  used  as  a 
projector  to  produce  a  nearly  uniform  plane  wave  over  a 
large  volume  near  the  array,  i.e..  in  the  array's  near  field.  As 


such  it  can  be  used  to  obtain  the  fur-field  sensitivity  of  a 
hydrophone  placed  in  the  volume.  It  can  also  be  used  to 
provide  a  plane  wave  incident  on  a  scattering  target  located 
in  the  near-lield  volume.  As  a  receiver  the  NFC  A  is  a  plane- 
wave  filter  and  can  be  used  to  determine  the  far-field  pres¬ 
sure  radiated  by  a  projector  or  scattered  from  a  target  locat¬ 
ed  in  the  near-lield  volume.  Previous  papers  considered  the 
design  of  the  array  configuration  and  computation  of  the 
associated  element  shading  coelfic'en's  for  a  prescribed 
near-lield  volume  and  frequency  range.  In  this  paper  expres¬ 
sions  are  presented  for  the  near-ftekl  transmitting  voltage 
and  current  responses  and  near-lield  receiving  voltage  and 
current  sensitiv  (ties  of  a  planar  NF’CA.  In  addition,  informa¬ 
tion  is  given  to  aid  in  the  NFC  A  element  selection  process, 
especially  w  ith  regard  to  shading  of  the  NFCA. 


W  .1  I  i '  >1 ! .  "  I  i  .ihm-Iucci  c.ililn  "H  mi  1 1 1  hii  "l  .ii  tii.M  il.ii.i.  “  Vt\ \  l  ndci- 
waici  Sound  Ret  1  ah.  Re's  Rep  \n.  55  i  l‘H»l  1 

XV  .)  1  roil.  “I  lulcru.ikT-MMmd-iiunsducei  calibration  limn  nc.ii  held 

d.ii.i.  ’  .1  A ci m is i .  Si >c  Ain  36.  155"  1  56S  i  R}04  t 
\  I  \  an  Butvn.  "  I  hcmvtic.il  dcsiun  of  ncarlicld  calibration  jii.iw"  I 
Acousi.  Sue  Am  53.  I'>2  ll,l)  i  llt"'i 

A  1  \  .hi  llurvn.  "Steered  planai  ncarlield  odibratimi  aria\ .1  AuuM 
Siv.  \m  63.  1 1 '52  1<'5‘>  i 

\  I  Van  Huivn. **C  \  Imdnc.tl  ncarlicld  c.dibialion  ana>  .“  .1  A  const  Sol 
Ami  56.  n4‘>  n55  i  1v)"4  i 

A  I  V.ni  Hiiivii,  M  I)  .fewiaecr  .iikI  \  (  Inns.  "A  5-  to  5nk I f /  s\ it- 
ilictic  c\ liiuliTC.il  ncarlicld  calibration  aiia\.”  .1  \cmist  S<u  Am  7'. 
R>2"  PRO  t  R>s5j. 

A  I  V.m  Ihircn.  "Sphcnc.il  ncarlicld  calibration  arra\  lor  I hrcc-dimcn- 
siiuiai  scamnni!.  .)  VvmN.  Stu.'  Am  85.2655  260(1  i  R>su  i. 

I  l  licranck.  ft  oinlimf  l/r</w//vM7i  nt\  <  \Vilc> .  New  X  m  k.  1 1,4‘> 1 .  p  !2(> 


M27 


J  AcO'iSf  Sor,  Am  Vo*  89  No  3  Mhiui  5  99t 


Armo  L  Van  Bumn  Planar  noar-fidd  calibration  arrays 


1427 


